Ionic liquids are fast becoming the solvent of choice for a number of diverse chemical, industrial and biological processes. Although they are considered a 'greener' alternative to conventional solvents, their effects on biological systems remain poorly understood. The zebrafish, a small fresh-water fish, is an ideal model for testing the effects of small molecules on whole organism assays. Because of conservation of molecular pathways between human and zebrafish, studies on zebrafish can lead to direct insights into human biology. We have evaluated the toxic effects of five different but related ionic liquids on zebrafish embryonic assays. We have discovered two related ionic liquids that show strong cardiotoxic and hepatotoxic effects suggesting previously unanticipated effects on health. Comparisons of ionic liquids with different cationic but the same anionic components suggest that both the anionic and the cationic components play important roles in determining the biological effects of an ionic liquid.
Introduction
Ionic liquids (ILs) are salts where the ions are poorly coordinated resulting in these salts remaining in a liquid form below 100 C, or even at room temperature. 1 Their unique properties have made them an ideal replacement for conventional solvents in electrochemistry, 2 organic and inorganic transformations, 3, 4 biotechnology processes 3, 5, 6 and bio-transformations 5 and as solar cell electrolytes, 7 and supported phases in organic chemistry. 8 The new generation ionic liquids are increasingly being explored for their biological applications.
Studies on the biological activity of ILs and their applications in pharmaceutics and medicine have become a major area of research. 9 Initial toxicity experiments on microorganisms revealed that ionic liquids may have great potential as antimicrobials. 10, 11 This is especially valuable in the current climate where microbes are evolving resistance to most traditional classes of anti-microbial drugs. Ionic liquid cytotoxicity has also been observed on numerous cancer cell lines suggesting their utility as anti-cancer drugs. [12] [13] [14] The unique properties of ionic liquids make them excellent candidates for exploring potential uses such as for drug delivery, increasing solubility and bioavailability of drugs and as drug candidates themselves. 9 Amidst the promise of new benecial biological activities that relies on their interaction with the human body, it is also essential to assess the toxicity and safety of these molecules. With such proposed widespread usage, it is also inevitable for ILs to be released into environment. A thorough assessment of their effects on health and environment is urgently needed. In terms of their ecological impact, several studies are already available that touch upon the toxicity of ILs on unicellular organisms and invertebrates. Majority of these are toxicological assessment of various ILs on the aquatic ecosystem; assessing the impact on organisms such as Vibrio scheri, 10, [15] [16] [17] Daphnia magna 15, 16, 18 and Selenastrum capricornutum.
18,19
Physiochemical properties of ILs such as solubility, stability and their interaction with surrounding media have a determining effect on their biological activity. According to a 2014 study using bis(triuoromethylsulfonyl)amide anion ([NTf2] À ) and varying cations, showed that the water solubility of ILs decreased in the order imidazolium ILs > pyrrolidinium ILs > pyridinium ILs > piperidinium ILs. 20 While another study with bromide-based anions combined with various cations found that the toxicity on Vibrio scheri and Daphnia magna decreased in the order pyridinium $ imidazolium > piperidinium > pyrrolidinium. 21 Thus, illustrating that the relationship is not based on one property of the IL but rather is more complex. Various systems have been used to evaluate the role of the chain length in the biological toxicity. Earlier studies in rat cells lines, 22 luminescent bacteria 10 and Vibrio scheri 23 found that as the alkyl chain length increased, the lethal effects of the ionic liquids increased. This is also supported in other studies where it was found that longer alkyl chains had increased toxicity in human lung carcinoma A549 cell line.
14 Results however, are ambiguous over the contribution of the cationic and anionic group of the IL. 24 In fact, studies with over 200 ILs have concluded that cationic components are the major contributors towards toxicity while anions play only a secondary role. 24 Other studies have concluded that features like long hydrocarbon side chain, combined with bulky hydrophobic headgroup, or a bulky anion, all contribute to increasing degrees of toxicity.
25-27
Quantitative structure-activity relationship (QSAR) studies have been performed to delineate the involvement of the structural features of the cationic/anionic head groups in the cytotoxicity using the ionic liquids' empirical formulas and molecular weights as descriptors. 28, 29 Similar quantitative structuretoxicity relationship (QSTR) studies indicated that the increase in the heavy atom count of the anionic group leads to an increase in the toxicity. 24 Since NTf2 is comparatively a large anion, its charge density is more localized than smaller anions like tetrauoroborate. Large molecules like this replace more water and are highly hydrophobic, hence contributing to higher toxicity. This is well supported in experiments done on human lung carcinoma A549 cell line with various the anionic group bis(triuoromethyl sulfonyl)imide exhibiting one of the lowest EC50 values.
14 NTf2 salts were also found to be more toxic than halide salts in cytotoxic studies done in HeLa cell line.
14,30 A similar effect was also observed in case of bacterial toxicity studies where Ntf2 containing ILs were generally more toxic to microorganisms as compared to other anions. 31 In this case, both cationic and anionic moiety can insert themselves into the lipid bilayer of the cell membrane, thus perturbing the membrane structure to cause swelling of the bilayer and alteration of its permeability properties, causing IL toxicity.
14,27
There are two possible mechanisms of cytotoxicity induced by the anionic component of the IL. First is the lipophilicity of the anionic moiety; the other is the intrinsic ability of the anion to form hydrolysis products. 24 This especially holds true for those anions possessing a uoride moiety.
22,30
Most of the studies discussed thus far are on microorganisms and cultured cells and these impart only limited utility in understanding the toxic effects of ionic liquids on human health. Egorova 9 and Frade, 32 in their respective reviews on the biological activity of ionic liquids have independently remarked upon the complex and dramatically different susceptibilities of different biological systems to ILs. Reiterating that, toxicity depends on the studied model and to assess toxicity of any IL, studies on different models and environmental conditions are needed. To model health hazards of ionic liquids on humans, model organisms such as mice and rat have been very useful. Acute and subchronic toxicity of the IL didecyldimethylammonium saccharinate has been determined in rats.
33
Other acute toxicity studies with tetrabutylammonium chloride IL on mice have found severe histological damage of liver and kidney upon treatment. 34 However, other studies have also found that 3-hexyloxymethyl-1-methylimidazolium tetrauoroborate was not toxic to Wistar rats at the concentrations tested. 35 Bailey et al. evaluated the effects of prenatal exposure of mice to 1-butyl-3-methylimidazolium chloride. When mothers were exposed to the IL, the fetal weight was found to reduce. At the highest dosage, malformations were also observed indicating teratogenicity. 36 Li et al. have studied the effect of 1-methyl-3-octylimidazolium bromide on the early embryonic development of the frog Rana nigromaculata and found strong toxic effects on embryogenesis stages. 37 These studies have made a beginning to testing ILs on vertebrate model organisms that can model human biology.
In the last many years zebrash (Danio rerio) has emerged as an ideal model organism to design high-throughput chemical screens with relevance to human embryonic developmental biology. 38 The genome and basic physiology of this small fresh water sh is highly conserved with that of humans. 39, 40 Zebrash has been successfully used to detect and dissect the toxicity of environmental toxins and pollutants. 41 The whole organism assays in zebrash embryos not only allows us to assess toxicity of compounds and determine their lethal dose but also decipher the effect of sub-lethal concentrations on various organ systems and on embryonic development. Also, sh being important as human food and their distribution in the aquatic environment; exploring the effects of ILs on sh could help evaluate the toxic effects on the food chain.
Only a limited number of studies on the bioactivity and toxicity of ILs have used zebrash as a model. [42] [43] [44] [45] Pretti et al. 42 in 2006 examined acute toxicity of ionic liquids in adult zebrash, which revealed that ionic liquids cause completely different effects on sh compared to other model organisms studied till date. They found that imidazolium, pyridinium and pyrrolidinium showed higher LC50 values (>100 mg l À1 ) whereas ammonium salts showed remarkably lower LC50 values. Moreover, their histological evaluation of adult zebrash showed skin alterations such as epithelial hyperplasia with single keratinocyte vesiculation and wide erosions together with dis-epithelialization of gill lamellae. Another recent study has examined the toxicity of select imidazolium ILs in other marine and fresh water sh and found them to be nontoxic 46 while a study by Du et al. 44 found that 1-octyl-3-methylimidazolium bromide can induce oxidative stress and DNA damage in adult zebrash.
In this study we have utilized the transparent nature of zebrash embryos and the powerful genetic tools available, to study the effect of ve different but related ILs on zebrash. We have used the zebrash system to determine the toxicity and biological effects of different ILs on embryonic development. We have examined the effect of short and long exposure to ILs on transgenic zebrash and have discovered strong deleterious effects on heart function and liver health of two ILs that share the same anion. Our data suggests that anionic components of ILs also may be important contributors to organ toxicity of ILs during development and function.
Methods and materials
All ionic liquids were obtained from Sigma-Aldrich, India. Here we use ve ILs: 1-butyl-3-methylimidazolium tetrauoroborate (IL1), 1-butyl-3-methylimidazolium hexauorophosphate (IL2), 1-butyl-1-methylpyrrolidinium bis(triuoromethylsulfonyl)imide (IL3), 1-ethyl-3-methylimidazolium bis(triuoromethylsulfonyl) imide (IL4) and 1-butyl-4-methylpyridinium tetrauoroborate (IL5).
Cell viability assay
Cell viability was measured using an MTT assay 47 hours at 37 C. Aer the formation of formazan crystals, this media was discarded and the crystals dissolved in 200 ml of dimethylsulfoxide. Subsequently, the optical density was measured by using a microplate reader (Tecan Innite M200 Pro Multi-plate Reader) at 570 nm to detect the concentration of formazan present. Cell viability was calculated as the percentage of viable cells, which were treated with ILs versus untreated cells. Origin soware was used for data analysis and plotting the graphs.
Zebrash lines and maintenance
Zebrash (Danio rerio) were raised, bred and maintained at 28.5 C under standard conditions as described. 48 Embryos were staged by morphological features using criteria previously described. 49 For uorescence imaging, embryos were raised in 1-phenyl-2-thiourea (PTU) (0.003% in embryo medium) to inhibit pigment formation. All zebrash handling and experiments were performed in accordance to protocols approved for BSC0124 by the Institutional Animal Ethics Committee (IAEC) of the CSIR-Institute of Genomics and Integrative Biology, India under the rules and regulations set by the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Ministry of Environment, Forests and Climate Change, Government of India.
The zebrash lines used in this study are wildtype (Tubingen-TU) and Tg (fabp10a:GAL4-VP16, myl7:cerulean)::(UAS:nfsBCherry). The fabp10a:GAL4-VP16, myl7:cerulean construct was made from the pCH Gtwy G4VP16 plasmid (a kind gi from Michael Nonet http://www.dbbs.wustl.edu/RIB/NonetMicL). 2816 bp of the 5 0 -anking region (chr16:52623514-52626329) of the fabp10a gene was PCR amplied and cloned into the pCH Gtwy G4VP16 plasmid by gateway cloning (Invitrogen). Tg(fabp10a:GAL4-VP16, myl7:cerulean) line was produced by microinjection of this construct into one-cell stage zebrash embryos. This line was crossed with Tg(UAS:nfsB-Cherry), 50 to generate the double transgenic line Tg(fabp10a:GAL4-VP16, myl7:cerulean)::(UAS:nfsB-Cherry).
Chemical treatment of zebrash embryos
Wildtype zebrash embryos were exposed to different dilutions of the ILs in water from 6 hours onwards (day 0) to day 4 for both toxicity prole and the teratogenicity assay. The different concentrations of each ionic liquid used were 0.125 mM, 1.25 mM, 2.5 mM, 5 mM, 10 mM and 20 mM and were compared with water. For cardio-toxicity assays, the Tg(fabp10a:GAL4-VP16, myl7:cerulean)::(UAS:nfsB-Cherry) embryos were treated at day 1 and heart rate was measured on day 2 and also treated at 2.5 day for 16 hours and heart rate measured.
For hepatotoxicity assays, the Tg(fabp10a:GAL4-VP16, myl7:-cerulean)::(UAS:nfsB-Cherry) embryos were treated on day 3 for 16 hours. The treatment of older embryos i.e. more than day 1 was done specically for IL3 and IL4 to visualize the effects on organs. The concentration used at these stages was 2.5 mM unless otherwise mentioned. In each experiment, each condition or concentration the number (N) of embryos used was >50. Each experiment was repeated on three or more independent occasions. Average from >¼3 experiments were calculated for analysis.
Observation and imaging of phenotypes were done using Zeiss Stemi 2000-C stereomicroscope with AxiocamICc1 and Zeiss AxioScope A1 uorescence microscope with Axiocam HRc. All gures were prepared using Adobe Photoshop®.
MS Excel was used for data analysis and plotting survival graphs of zebrash embryos. For heart rate measurement, graph pad prism was used for the analysis. For statistical signicance of data, p-values were calculated by preforming unpaired student t-test for the data.
Quantitative real-time PCR
Total RNA was extracted by homogenizing 20 pooled embryos using Trizol reagent (Invitrogen). Quantitative real time PCR was carried out as described on the Roche LightCycler VR RealTime PCR System. 51 Statistical analyses on normalized data were performed using 2-DDCT algorithm. 51, 52 All genes were normalized against RPL13a. Graph pad prism was used for the analysis. For statistical signicance of data, p-values were calculated by preforming unpaired student t-test for the data. All primers used in this study are listed in Table S6 . †
Alcian blue staining
Alcian blue stain was used to visualize the structure of the craniofacial skeleton of zebrash as described previously.
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Results and discussion
Here we consider ve ILs (Fig. 1): 1-butyl-3-methylimidazolium tetrauoroborate (IL1), 1-butyl-3-methylimidazolium hexauorophosphate (IL2), 1-butyl-1-methylpyrrolidinium bis(triuoromethylsulfonyl)imide (IL3) and 1-ethyl-3-methylimidazolium bis(triuoromethylsulfonyl)imide (IL4) and 1-butyl-4-methylpyridinium tetrauoroborate (IL5) (Fig. 1 ). IL1 and IL2 have the same cationic group i.e., 1-butyl-3-methylimidazolium with different anionic groups head groups, i.e. hexauorophosphate and tetrauoroborate respectively. On the other hand, IL3 and IL4 have same anionic group (bis(triuoromethylsulfonyl)imide) with different cationic groups, i.e. 1-butyl-1-methylpyrrolidinium and 1-ethyl-3-methylimidazolium respectively. Similarly IL1 and IL5 have the same anionic group (tetrauoroborate) with different cationic groups.
These ILs have been selected for their potential for use in biological and chemical processes. IL1 and IL2 has been shown be useful to improve the synthesis of naproxen and pravadoline, non-steroidal anti-inammatory agents, respectively. 54 IL2 has been demonstrated to be useful for DNA quantication. 55 In fact, in the last many years, number of reports have emerged showcasing applications of IL1 and IL2 in various biological processes as solubility enhancers, emulsiers, co-solvents, reaction media and catalysts. 9 The anions used in this study were also selected based on their utility in a number of different applications such as for enhancing solubility, stabilizing drugs and proteins, for catalysis, for enantioselectivity and drug delivery systems.
9
MTT assay was performed using MCF-7, to examine the cytotoxicity of ILs. Out of the ILs tested, IL2 was the most toxic ( Fig. S1a and b †) with approximately 98% cell death at 20 mM concentration. This IL was the most potent with an EC50 value of 1.8 mM (Fig. S1a †) . IL3 and IL4 were also very toxic (EC50 $ 3.5 mM and 3.2 mM respectively) which could be because of the shared bis (triuoromethylsulfonyl)imide group as the anion (Fig. S1a and  b † ). IL1 and IL5 exhibited similar toxicity (EC50 $ 4.4 mM and 4.8 mM respectively) ( Fig. S1a and b †) . These two ILs share the same anionic counterpart, tetrauoroborate while the cationic component differs with IL1 having an imidazolium core and IL5 having a pyridinium core. Toxicity of ILs has been examined in other cell lines also. We compared the cytotoxicity of ILs on HeLa and rat leukemia cell line IPC-81 with our results on MCF-7. In these studies, ILs containing the bis(triuoromethylsulfonyl) imide group were found to be more toxic in HeLa cells 30 compared to other anions (EC50 $ 1.8 mM, 48 h) while IPC-81 showed similar toxicity proles with MCF-7. 24 ILs having tetrauoroborate as anion also showed toxicity similar to our experiment. In one report the hexauorophosphate containing IL showed moderate toxicity (EC50 ¼ 13.9 mM) towards HeLa cells while we got contrasting results with maximum toxicity reported by IL-2 in MCF-7 cells. 30 However, EC50 values were found to vary with time, with different values reported aer 24 h and 48 h of treatment.
30
Since, the cellular toxicity can be very different from toxicity and lethality at the organism level, we used zebrash whole organism assays. Zebrash embryos were incubated in varying concentrations of ILs from 6 hours aer fertilization (day 0) till day 4. During this period their viability was monitored at regular intervals. Percentage survival of IL1 treated embryos showed a concentration and time dependent response (Fig. S1c and Table S1 †). At 20 mM, the highest concentration tested, all embryos were dead on day 1, indicating acute toxicity. However, with decreasing concentrations tested, the survival improved viz. 14%, 22% and 45% percent survival with 10 mM, 5 mM and 2.5 mM respectively. IL1 has been previously shown to be toxic to wheat seedlings 56 (at the concentration of 0.9 mM or more, 24 h). IL2 was even more toxic with a 15% survival at 1.25 mM (Fig. S1d and Table S2 †). In contrast, IL3 and IL4 elicited effects due to prolonged exposure, on the survival of embryos (Fig. S1e and f, Table S3 and S4 †). On day 1, the survival was approximately 74% at 20 mM, while it dropped dramatically with time. IL5 had an intermediate effect, being more acute than IL3 and IL4, but less than IL1 and IL2 ( Fig. S1g and Table S5 †) .
Thus, out of the ve ILs tested in this study, IL1 and IL2 appear to have the most detrimental effects on embryos. This similarity could be attributed to their shared imidazolium based cationic core. ILs containing imidazolium have previously shown to be more toxic than other aromatic head groups such as pyridinium 15 (present in IL5) and non-aromatic head groups such as pyrrolidinium, 57 as in IL3. The alkyl chain length of IL1 and IL2 was also longer than that of IL4. However, IL2 displayed the most potent effects on the biological systems tested here. This result suggests that the anion in IL2 may be responsible for the increased toxicity of IL2. IL1 and IL5 share a common anion, tetrauoroborate. Salts containing TFB show one of the most potent toxic effects on cells. 58 Their difference in biological effect indicates that the toxicity in IL1 is most likely due to the cationic component. Also, due to higher symmetry of the pyridinium cation, IL5 could be less toxic than ILs containing an imidazolium cation. 24 Aer IL2, ILs containing bis(triuoromethylsulfonyl)imide group as the anion i.e. IL3 and IL4 were the most toxic to MCF-7 cells. However, IL3 and IL4 exhibited effects due to prolonged exposure, on the survival of zebrash embryos and least acute toxicity. Thus, from comparison our studies on cells and the zebrash we conclude that caution should be exercised in extrapolating toxicity data from cells to organisms, because the correlation is not straight forward.
The whole organism screen in zebrash embryos not only allows us to assess toxicity of compounds and determine their lethal dose but also decipher effect of sub-lethal concentration on various organ systems and on embryonic development. Even though the mammalian fetus develops in utero, while the Fig. 1 Structure of ionic liquids tested in this study. IL1 and IL2 have same cationic group i.e., 1-butyl-3-methylimidazolium with different anionic groups head groups, i.e. hexafluorophosphate and tetrafluoroborate respectively. On the other hand, IL3 and IL4 have same anionic group (bis(trifluoromethylsulfonyl)imide) with different cationic groups, i.e. 1-butyl-1-methylpyrrolidinium and 1-ethyl-3-methylimidazolium respectively. Similarly IL1 and IL5 have the same anionic group (tetrafluoroborate) with different cationic groups, i.e. 1-butyl-3-methylimidazolium and 1-butyl-4-methylpyridinium respectively.
externally fertilized zebrash embryos develop ex utero, the embryos show striking similarities in the patterns of development, the genetic pathways that regulate the development and their responses to chemical. 38, 40 The gross development of the embryos appeared normal till day 1 in all the ILs (Fig. 2b-f) . The surviving embryos appeared to have a normal body curvature, normal brain fold, a tubular and beating heart, normal otic vesicles, eyes, yolk and yolk extension and an age-appropriate number of somites. By day 3, normal embryos hatch out of their chorion and become free-swimming larvae. IL1 and IL2 treated larvae, most toxic for the cellular viability, appeared to have normal gross development till day 4 ( Fig. 2h and i) , although the survival of IL1 and IL2 treated larvae, reduced by the later days. This may be attributed to general cell death. ILs have been implicated in disintegration of phospholipids bilayers, 59 and causing oxidative damage in cells, which could accumulate over time, ultimately leading to lethality. 60 However, it should noted that the toxicity observed in cultured cells do not correlate well with toxicity in whole organisms.
IL5 treated embryos hatched out normally but had slightly curved tails suggesting mild developmental defect (Fig. 2l) . IL3 and IL4 exposed larvae were unable to hatch out efficiently ( Fig. 2j and k) . We manually dechorionated these embryos at day 2 and day 3 for closer observation and found a number of developmental abnormalities. The IL3 and IL4 treated embryos had a marked curvature of the body axis and pericardial (cellular sac enclosing the heart) edema (Fig. 2q and r) . The IL3 and IL4 treated larvae did not have inated swim bladders, which enable the animals to oat and swim, when compared to the control larvae (Fig. 2t and u) .
As evident in the control embryos (Fig. 2s) , by day 4 the yolk (the nutrient store for the embryos till they start feeding) is mostly utilized and thins down. In contrast, the IL3 and IL4 treated embryos retained a large yolk indicative of poor nutrient absorption (Fig. 2t and u) . By day 3, control larvae form jaw structures and begin actively feeding by day 5. The IL3 and IL4 treated larvae had severely compromised jaw structures at day 4 ( Fig. 2t , u, w and x), which would preclude normal feeding. Fig. 2 Teratogenicity assay of ionic liquids on zebrafish embryos. Embryos were exposed to sub-lethal concentrations of ILs from day 0 to day 4. (a-f) Embryos exposed to water, 2.5 mM of IL1, IL2, IL3, IL4 and IL5 on day 1 are encased in the chorion and appear normal. (g-l) Embryos exposed to, IL1 (1.25 mM), IL2 (0.125 mM), IL3 (2.5 mM), IL4 (2.5 mM), IL5 (2.5 mM) on day 4. Embryos exposed to IL3 (j) and IL4 (k) fail to hatch out. Embryos exposed to 2.5 mM IL3 and IL4 show a ventral curvature of the tail (black open arrowhead) compared to the control on day 2 (m-o). Embryos exposed to 2.5 mM IL3 and IL4 show pericardial edema (black arrow) compared to control embryos on day 3 (p-r). Embryos exposed to 2.5 mM concentration of IL3 and IL4 show abnormal jaw (black arrowhead), swim bladder (red asterisk) and underutilized yolk (black open arrow) on day 4 (s-u). Alcian blue stained cartilage of embryos exposed to water control, 2.5 mM concentration of IL3 and IL4 on day 4 (v-x). In each experiment, each condition or concentration the number (N) of embryos used was >50. Each experiment was repeated on three or more independent occasions. Scale bars are 300 mm (a-f), 400 mm (g-l) and 100 mm (m-x).
These larvae also had smaller heads compared to the controls indicative of defects in brain development (Fig. 2p-r) .
IL3 and IL4 elicited severe pericardial edema in embryos. To examine the effect of these ILs on the heart we exposed 1 day old embryos of the transgenic zebrash line Tg(myl7:cerulean), to the ILs. The heart, in this transgenic animal, is marked with a green uorescent protein and on day 2 can be seen to be fully functional with two chambers, atrium and ventricle, and the atrioventricular valve (Fig. 3b) . Embryos treated with IL1, IL2 and IL5 had apparently normal hearts (Fig. 3c, d and g ). The atrioventricular valve was not easily visualized in the IL3 and IL4 treated embryo hearts, which may be attributed to the mild stretching of the heart in the edematous pericardium that makes visualization of the valve difficult. However, the gross structure of the heart was normal in these embryos (Fig. 3e and f) .
We determined the beat frequency of the hearts in these embryos at day 2. Zebrash embryos are known to have a heart rate of approximately 120 beats per minute and the IL1 and IL2 treated embryos appeared normal in their beat frequency. However, we observed a statistically signicant decrease in the heart rate of embryos treated with IL5 (2.5 mM concentration) (Fig. 3k) , indicating compromised heart function. IL3 and IL4 treated embryos exhibited no periodic heartbeat with intermittent beats that were uncoordinated between the atrium and the ventricle. To dissect the effect on heart function independent of heart development, older embryos with a normally developed heart (2.5 day old embryos) were exposed to same concentration (2.5 mM) of IL3 and IL4 (Fig. 3i and j) . Aer 16 hours of exposure, we observed similar characteristics in these embryos, with the beating frequency of zero beats per minute. This indicates these ILs specically perturb the heart function.
Abnormal heart rate in treated embryos could be the result of impairment of contractile process by the ILs exposure. We determined the transcript levels of nppb (natriuretic peptide gene b), a cardiac hormone used as a classical hypertrophic marker. Its re-expression in cardiac stress condition is a clinical biomarker for diagnosis of heart failure and le-ventricular hypertrophy.
61,62 IL3 and IL4 treated embryos had a signicant upregulation of nppb, indicative of cardiac stress [63] [64] [65] (Fig. 3l ). The heart rate (beats per minute) quantified for embryos exposed to water control and the ILs at the same concentration used for imaging. Data from 3 experiments, with n ¼ 10 in each experiment is plotted. *p > 0.0005. (h-j) Magnified images of the heart day 3 live embryos of Tg(myl7:-cerulean) line; embryos exposed to water (h), 2.5 mM IL3 (i) and 2.5 mM IL4 (j). Embryos exposed to 2.5 mM IL3 (i) and 2.5 mM IL4 (j) (treatment was given to 2.5 days old embryos, for 16 hours) show a stretching of the atrium-ventricle caused likely by the pericardial edema (white double arrow). (l) nppb transcript levels, upregulated in both IL3 and IL4 exposed embryos compared to the control. Transcript level fold change shown here in Y-axis, is logarithmic 2 scale. Data from 3 or more experiments, with n ¼ 20 or more in each experiment is plotted. *p > 0.05. Graph pad prism was used for the analysis. For statistical significance of data, p-values were calculated by preforming unpaired student t-test for the data. Scale bars are 200 mm (a) and 100 mm (b-j).
Liver is the most important metabolic center of the body and damage to the liver can have life-threatening consequences. Liver is also highly responsive to toxic stress from drugs and toxins. We used a double transgenic animal, Tg(fabp10a:GAL4-VP16)::(UAS:nfsB-Cherry) which selectively marks the liver hepatocytes with a red uorescent protein to assess the effect of the ILs on the liver. We exposed the larvae of this transgenic line at day 3 (to bypass early developmental effects) to IL3 and IL4 and observed a signicant reduction in liver size in the treated larvae, indicating hepatocellular death (Fig. 4c and d) . Quantitative real-time PCR conrmed a decrease in the transcript level of fabp10, a marker for hepatocytes, 66 in IL3 and IL4 treated larvae (Fig. 4e) . We further assayed the transcript levels of hepcidin, a liver hormone that is known to be induced in response to liver stress 67 and found a 1.4 fold induction in the IL3 and IL4 treated larvae (Fig. 4f) .
Conclusion
In this study, a small set of ionic liquids was assessed for their cellular and whole organism toxicity. There are large numbers of studies which have analyzed the cytotoxic effect of ILs. Majority of them have focused on ILs containing imidazoliumbased cationic head group. The common features contributing to cytotoxicity were different alkyl chain lengths in the cationic core and the various combination of anions. Other than these, molecular structural factors such as aromaticity of the cation also contribute to cytotoxicity; ILs containing imidazolium and pyridinium groups as cations are, in general, more toxic than the non-aromatic ILs. This is well supported by our data. Aromatic cationic core-containing IL1, IL2, IL4 and IL5 were also more developmentally toxic than non-aromatic cationic core-containing IL3. Symmetry of the IL as well as charge distribution in the cation and heavy atom count in the anion also add to the cytotoxicity. As symmetry of the cation decreases, the cytotoxicity was predicted to increase. 24 In terms of symmetry, a pyridinium cation has a higher symmetry than an imidazolium cation and hence, imidazolium-based ILs are comparatively more toxic can pyridinium based ILs. 24 In our data, IL5 containing a pyridinium group is less toxic than IL1 IL2 and IL-4, all containing imidazolium group as their cationic cores.
IL3 and IL4 were the most teratogenic ILs among the ones tested in our study causing a similar functional breakdown of the heart and toxicity in the liver. IL3 and IL4 have the same anion but very different cationic core. While IL2 and IL4 sharing the same cationic component, showed no similarity in their teratogenic potential, suggesting that the anionic component is a critical determinant of their biological activity. On the other hand, IL1 and IL5 that share the same anionic component, elicited different effects on the heart and general development. These observations suggest that both the anion and the cation may be important in interacting with biological systems in different molecular contexts. The degree of toxicity varies according to dose and exposure period of ILs. Lethal and nonlethal effects on the zebrash embryos also could be because of ability of ILs to be absorbed and/or metabolized in the sh.
Although ionic liquids are considered a 'greener' alternative to traditional organic solvents, their effect on the environment and specically on human health is still not well understood. Our study should serve as a preliminary step in probing the effects of this group of molecules on biological systems, especially using vertebrate models.
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